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-- PART I 

T h e O I W A C r l  Consideration% 

1) Introduction 

An interplanetary voyage between an a r t i f i c i a l  earth satellite 

rad a satellite orb i t  l ~oppd Hara is  possible with techniques a d -  

able today”. A propulsion system as known from errthbormd rockets, 

using the chemical n 8 c t i o n  between a fuel  and an ddi ter  88 ewrgy 

source, would be suff ic ient  t o  power the space ship. Hatever, all 

chemically propelled rocket vehicles have by necessity a very h igh  

i n i t i a l  mass as cosrpared to  their  payload. 

ing from an earth s a t e l l i t e  t o  Nars and back t o  the earth s a t e l l i t e  

with a payload of 25 tons requires an i n i t i a l  mass of the order of 

3500 tons. 

if the exhaast velocity of the propellant i s  considerably increased. 

A ship capable of travel-  

A reduction of this high take-off mass i s  possible only 

Higher exhaust velocities, armd,consequently, lower take-off mass- 

es, can be obtained i f  the propellant par t ic les  are accelerated by 

e lec t r i ca l  f i e lds  instead of chemical combustion2). 

principle features of an e lec t r ica l  propulsion system and of the ap- 

plication of such a system t o  interplanetary space sldps was prblished 

i n  an earlier Fep0rt3)~ ~n that ‘study, solar energy and stem-electric 

turbogemerators were chosen t o  produce e lec t r ic  power. 

A study of the 

In the present study, the principles of e lec t r ic  propulsion systems 

are imrestigated further, particularly in View of optinun dimensioning 
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of initial ma88, t o t a l  power, and driving voltage. In addition t o  the 

general requirement of low initial. amss, a further requirement has been 

introduced in the form of a lower Undt t o  the i n i t i a l  acceleration of 

the ship. This requirement appears necessary in order t o  f a c i l i t a t e  

capturing maneuvers i n t o  the Mars and ear th m t e l l i t e  orbits. 

data  for a space ship with 150 tons payload and 2 years t o t a l  t ravel  

time, based on t h i s  optimization study, are presented. 

of this magnitude, a nuclear power .reactor as primary energy source 

Design 

I n  space ships 

appears somewhat l igh ter  than a solar  generator with the same power 

output . 
2) surrmary 

A propulsion system f o r  space ships i s  described which produces 

thrust by expelling ions and electrons instead of combustion gases. 

Equations are derived for the optilllum mass rat io ,  power, and driving 

voltage of a ship with given payload, t rave l  time, and i n i t i a l  acceler- 

ation. A nuclear reactor provides the primary power f o r  a turbo- 

electric generator; the e lec t r ic  power then accelerates the ions. C e s i u m  

is the best propellant available because of i t s  high atomic mass and its 

low innization energy. A space ship with 150 tons payload and an i n i t i a l  

acceleration of 0.67 x lo4 G, traveling t o  Mars and back i n  a t o t a l  

travel t i m e  of about 2 years, would have a take-off mass of 730 tons. 

c 
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CGS-units are to be used i n  all f o d a e  of Urn paper with the amp 

tion of voltages and currents, where volts cupd amperes should be used. 

specific parer of power 
plant, erg SCC-~ g-' 

final acceleration, 
cn sec-' 

initial acceleration, 
clll sec-e 

velocity of light, cm ~ C C - ~  

energy, erg 

Planck's constant 

curreLt density, anp ~ l r  

total isa current, arrp 

t o t a l  pwer f e r  a c c e l e r  
ation of ions, erg set? 
ionic mss, g 

electric charge of ion, 
amp sec 

-e 

total initial mass, g 

propellant maus, e; 

total payload, g 

t o t a l  mass of power 
Plant, g 

frequency of photonic 
radiation, sec-' 

total time of propul- 
sion, sec 

-e total t:uust, g cm see 

voltage, volts 

exhaust velocity of ions, 
cm sec 

distance, cm 

-1 

3) General Cmarison between chm.ical and ITlectrid. Prornilsion Svstems 

b e  significant difference betweezl electrically propelled ships 

and ships with c h e ~ c a l  combstion engines i s  that electrical ships re- 

quire a special power source to  provide power €or ion acceleration, 

Since a,n electrical propulsion system develops only a relatively small 

thrust, the system w i l l  stay in operation durir-g the whole f l ight ,  A t  



first, the thrust  accelerates the rrhip. A t  a proper time, the h a t  

unit reverses i ts  direction and decelerates the ship down t o  the ve- 

l oc i ty  adequate for  the capturing m8nemver in the plrnet$ry orbit .  

The most convenient figure t o  charactarise an sleotrical propuloion 

system is, therefore, not the cut-off velocity, but the occelerstfcm 

of the ship. Thia acceleration increases l inear ly  with time since the 

propellant mass decreases at a constant rate. 

For a general appraisal of the capabi l i t ies  of an e l ec t r i c  pro- 

pulsion system, as compared t o  a chexnical system, it is convenient t o  

introduce the "specific thrust" of the system, defined as the thrust  

per uni t  power, and ratagured in dynes erg-' aec, or  kg thrust per kw 

power. 

l i v e r  in to  the j e t  in order t o  produce a given thrust .  

"his magnitude indicates how mch power the  generator nust de- 

From the speci- 

f i c  thrust the acceleration of the ship can be found if the values fo r  

propellant mass, mass of power plant and structures, payload, and spe- 

c i f i c  power of  the power plant ( i n  kw power per kg mass) are  known. 

An expression for  the specific thrust, Th/L, may be derived i n  the 

follo1dng way: 

The total kinetic energy contained i n  the j e t  i s  

The power associated w i t h  this energy i s  

P 1 27 "ex L =  



and the t h s t  

The specific t h n l a t  is therefore 

TABLE I 

It has been pointed w i t  that a propulsion system could be built 

afiich ejects photons instead of material particles 4). 

as a propellant, we find 

hssudng photons 
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The momentum of a photon is 
h r  p = -  
C 

and therefore the thrust exercised by a flow of photons 

h’v  Th - 
dt 

The specific thrust becomes herewith 

E 
L C 

Table I contains the specific thrust, the r a t i o  of t o t a l  mass t o  

dry mass, the ratio of t o t a l  mass t o  payload, and the in i t ia l  acceler- 

a t ion fo r  space ships with four different  propulsion systems: a chemical 

system using n i t r ic  acid and hydrazine; an electric system as proposed i n  

Reference 3); an optiinized electric system as proposed i n  this report; 

and a system i n  which the propellant consists of photons instead of rnass 

particles. 

The table sliows that e lec t r ica l ly  propelled space ships have mass ra- 

t i o s  and initial accelerations which are  not unreasonable. Photonic pro- 

pulsion systems, however, do not appear pro~~lisiiig as long as photons m84; 

Le rucluced by one of the powcr generating systems kuowri today, Ior  example, 

a heat-producing nuclear reactor. 

be discovered which transform mass di rec t ly  in to  radiating energy other 
than through temperature radiation, a photonic propulsion system would 

Only if ail en t i re ly  new process should 



become ccanpetitive. Even then, the photons should have such a wave- 

length that they can be bundled and directed by reflecting surfaces. 

Photons i n  the range of X-rays and gamaa rays could be used only with 

a low util ization factor. 

Deviation of muations for Optimized Desim Parameters 4) 

~ 

~ 

The initial acceleration of a space ship i s  a function of the 

thrust and the i n i t i a l  lapsi: 

= m  
Mo 'i 

Introducing ma. (2) sld (3) into Eq. ( 6 ) ,  we obtain 
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Assuming that  a l l  component masses of the power plant mass ?fP are pro- 

Nr t iona l  t o  the power L of the propulsion system*), we may define a 

"specific power" a of the power plant 

(10) 
L a = -  
MP 

T h i s  figure i s  assumed t o  be a constant fo r  a given type of power plant, 

for  ezample, a power plant consisting of a nuclear reactor and a turbo- 

generator. Eqs. (9) and (lo), when introduced i n t o  Eq. (8) yield 

Eq. (ll) implies that an optinum propellant mass Nr opt exists f o r  which 

the ini t ia l  acceleration ai is a maximum, if the other figures i n  Eq. (11) 

are kept constant. As w i l l  be shown l a t e r ,  the t rave l  time of an e lec t r ic  

space ship from earth t o  Mars is of the order of one year. This time varies . 

only sl ight ly  with the initial acceleration a i ,  so tha t  fo r  the present 

pupose, the travel time T may be considered constant. The maximum in- 

itial acceleration ai - may then be found by l e t t i n g  

0 = dgi/dMp 

and solving f o r  MF opt. A short calculation yields 



. 

= %opt (13) 

E q .  (131, diem entered into EQ. ( 8 ) ,  gives a simple formula for the max- 

inam initial acceleration obtainable by im electric space ship with op- 

tindeed ratio of propellant mass t o  total mass: 

af-=2(Lilpax 

e. (14) may be revritten with Eqs. (lo), (U),  and (13): 

This equation indicates that the highest initial acceleration 

able w i t h  an electric space ship for either %+ 0 or %+-and therefore 

ob- 

+ a is merely 

This highest possible i n i t i a l  acceleration ah depends only upon the sp& 

cific power of the power plant and the to ta l  t w e l  time. 

 he propellant e m t i o n ,  Hp/. , may be expressed a8 a function 
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of the voltage which is  applied t o  accelerate the ions, and the t o t d  

power contained in the jet, Since the ion current I i s  given by 

and since 

we obtain 

or 

L - u  I io7 (19 1 

-7 !kQR&=cl . - L 6.10 
-t e "opt 

Introducing Eqs. (13) md (21) into (14), we obtain the mnxinrum i n i t i a l  

acceleration 9 - a8 a function of the o p t h  voltage Uopt: 

or 

Eqs. (18) and (2l) yield the o p t h  voltage Uopt as a function of the tota l  

i n i t i a l  mass and the total  power: 



The crPrent associated with thc opt imm voltage i r  given by 

or, w i t h  ~ q s .  (121, (a), and (23): 

This equation gives the lowest possible take-off rrmas 

spa- ship when payload x, the to ta l  travel tir r # specific powbr a , 
and the desired inidal acceleration ai are given. 

of an electric 

5 )  Basic Desi= consideration8 

The design of a space ship be& d t h  basic S L l l i ~ o l l l l  re- 

gazding the payload €b the specific laazls of the ion8 v /e, the total. 

travel t i m e  z , the specific power a of the porer generating plant, a d  

the initial acceleration as required by navigattoral consideratianre 

The payload ML includes the crew REmberI a d  thefr p e r a d  equip- 

ment, the living quartxra8 and the equipplant needed for the exploration 
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of Marst surface, such as landing crafts, ground vehicles, etc. Xn ex- 

pedition to  Mars W i l l  consist of several space ships, and the t o t a l  

landing equipment w i l l  be distrilxitecl amng them. #Some of the ships w i l l  

be cargo s l ips  which carry propellant for  Lhe one-waj- t r i p  only. The pas- 

senger ships W i l l  carry a t o t a l  payload of about 150 tons each; the cargo 

sliips, 300 tons each, 

The propellant m t e r i a l  must be selected so tha t  i t  can be ionized 

easily. 

driving voltage U o p t  large (Eq. (23)). 

ihr t i ierrzx,  i t s  atomic mass v should be large in order t o  make 

The la t ter  i s  necessary because 

of space charge effects  i n  the ion thrust  chambers (see par. 13). Two 

different propellants, Pibidlum and Cesimi, w i l l  be considered i n  t h i s  

study. 

obtainable i n  large qu&i.;i.ties than Cesiun. 

Cesium is superior t o  Rubidium, but Rubidium i s  more easily 

The travel tim an intei-planetary voyage, for  example from earth 

to Nars and back, depends only l i t t l e  upon the de ta i l s  of the propulsion 

system. A chemically propelled ship w i l l  enter a f t e r  a short period 

of propulsion in to  an e l l i p t i c a l  trajectory around the sun wi th  i t s  peri- 

gee i n  the earth's path and i ts  apogee i n  liarst path. During most of its 

t rave l  time, it w i l l  coast on this el l ipse.  

W i l l  last: 260 days '! 
ation m u t  sp i ra l  around the earth I o r  s o x  time u n t i l  i t  has sufficient 

speed t o  detach from the earthts gravity field.  

e l l ipse  around the sun, it w i l l  continue t o  gain speed, 

The voyage from earth t o  Mars 

An e lec t r ica l ly  propelled ship with its low acceler- 

Uaving entered into an 

Its trajectory 
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w i l l ,  therefore net be eUipt;lcal, but rdll atrttch out into a wide 

sPdraJ. around the sun0 

than the colrespendislt podcar  of a &emtally driven &ip% vapege, At 

a predetermined pint between earth a d  Mars, the 8hip will reverse the 

direction of its tkwt chamber and bSg5.n to decelerate, men it is  close 

e-& to IWs, it wiu, cater i n t o  a wwxw spiral around the planet axxi 

descend to the desired 0rMtdl a l t i t d a .  The travel t i m e  of M electrical 

ship frool eerth to Mars as described in t h i s  study will be of the order of 

one year, depending only ~Ughtly upon the i n i t i a l  acceleration 15. Total 

travel t ime  for the round trip w be a l i t t le  lees 

The specific power of the pl'rrer source a should be as high as 

possible (Eqs. (U.), (l?), (26), and (27)). Its -@tude &tends upon the 

method of powcr generation, upon safe- factors, and upon the s k i l l  of the 

designer, The masses of parer plant, structural members, and ion thrust 

chambers axe combined in the power plant mss Bfp. 

paragraph 15 that for a nuclear power source as proposed in this study, a 

specific pmmr of the order of 0.1 kw per kg mass may be expxted. 

This portiozr. of the 8hip*8 vogtrge will be shorter 

twice as loago 

It w.Ul be shown in 

The i n i t i a l  aaceleration of the ship, ai, should be large t o  facili- 

tate captara -ewers i n  the Mars sate l l i te  orbit, 

t o  execute velocity corrections within a sufficiently short time, 

assumed that an acceleration of 0.1 cm sec-2 or approximately lo4 G liear 

the Izartian orbit is adequate for safe capture procedures i n t o  an orbit 

around Mars, A velocity change of plus or rdnus 85 n sec" per day would 

be possible with this acceleration. Tile initial. acceleration would then 

The ship mast be able 

It is 



be 0,067 cm sec-', the final acceleration af upon return i n to  the 

ear th  s a t e l l i t e  orbit ,  0.133 cm seeo2 (Eq. (15)). I f  part of the 

payload is detached i n  the ?fartian orbi t ,  the acceleration on the 

way home w i l l  even be greater. 

The total  take-off mass of a space ship, expressed as a multi- 

ple of the payload, M&L, is  plotted i n  Fig. 1 a8 a function of the 

i n i t i a l  acceleration ai (Eq. (27)). Parameters are specif ic  power a 

and t o t a l  t ravel  time r . I 
The t o t a l  power necessary for  the jet, L, expressed as the ra- 

t i o  L&, is plotted i n  Fig. 2 as a function of the in i t ia l  acceleration 

a i  (Eq. (26)). Parameters are again specific pawor a and t o t a l  t rave l  

t i m e  . 
The optimwrnvoltage Uopt i s  plotted i n  Fig. 3 as a function of 

the initial acceleration 

t o t a l  t ravel  time T a8 parameters. 

(Ea. (23)), with the ionic mass p and the 

The principle design data f o r  a space ship may be taken from these 

diagrams, One representative example of a spaae ship w i l l  be described I 

I 
in the next paragraphs. Its data am marked with c i r c l e s  in Fig. 1, 2, 

and 3. 

Errt 11 - Design Features of an Electr ical ly  - 
6) General Remarks 

An e lec t r ica l ly  propelled space ship needs a power-generating plant 

I t o  provide the e l ec t r i c  power fo r  the ion current. The primary energy 



heat cycle is uaed to transform thc heat energy of the aopryx into nm- 

chadcal energy, and electric generators t o  transform the nechurical 

energy into electrical  energy. The overall efficiency of such a system 

is  of the order of 10 t o  #) percent, All other nthods t o  transform 

heat into electrical  anergy which are available vould yield a canside- 

ably smaller autplt pamr for the tuum total mass. 

4, It begins With a nuclear nacror which podaces heat power. A ra- 

diation shield keeps gama-rays and neutrons away from the rest of the 

ship. The heat from the reactor is transferred by a suitable coolant 

t o  a heat exchaqer vhich acts as a boiler for  the working fluid, 

steam from the boiler d d w s  a turbine and i s  then condensed i n  a ra- 

diatioa cooler. After condensation, the working fluid i s  pumped back 

into the boiler. The turbine is directlF coupled with the generator. 

The generator, which is cooled by a separate cooling system, provides 

electric pawer t o  the thrust chambers, The propellant is kept in the 

storage tank a t  such a temperature that its vppor pressure is high 

enough t o  feed vaporized propellant at the correct rate into the 

chambers, 

The 

After ionization, ions and electrons are accelerated in the 

thrust chambers by electric fields and utpelled a t  equal rates, 

The propulsion system should be as l i g h t  as possible. It must 

work reliably and without maintenance over a period of a t  least  2 years, 



Au. pipes and containers connected with the  reactor cooling system, 

with the working fluid syrrtem, and with the  generator cooling syrrtern 

must be absolutely leakproof. This condition can be f u l f i l l e d  only if 

each of theae three systems 18 completely sealed, with no bearing8 and 

s l id ing  surfaces cormnunicating with the outside. 

7) Nuclear Reactor 

The design of nuclear reactors and associated equipment has been 

treated in recent publications with remarkable detail'). It appears 

possible t o  l a y  aut, on the basis  of published data, a nuclear propulsion 

system a t  l e a s t  t o  such an accuracy tha t  a fa i r ly  re l iab le  estimate of 

mass, size, and performance data  of a system f o r  a required power output 

can be made. 

one possible. 

The design chosen ' in t h i s  study is by no means the only 

Components and methods have been selected mainly w i t h  re- 

gard to  low mass, simplicity, and long-time operation capabili t ies.  

The t o t a l  power output of the reactor i s  tentat ively assumed t o  

be 100 megawatts, Reasonable figures are then chnsen fo r  the tempera- 

tures  of reactor coolant and working f lu id  and for the eff ic iencies  of 

turbine and generator. 

of the various components of the power generating system can be estimated. 

The resu l t  of this estimation i s  the "specific power" a of the  system, 

measured i n  erg secol go', o r  i n  kw per kg, 

calculate the t o t a l  mass M, and the t o t a l  power L f o r  a ship f o r  which 

With these assumptions, the dimensions and masses 

This figure is then used t o  
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that the mcbanfCa;L contact between the uranium *tal and the nolywsaurm 

pipes be as perfeet as posuible t o  facilitate the heat tramfur between 

the ud ths 800- Wt-8 and t0 avoid pOfnt8 O f  high lxmper8tu1-e 

within the reactor, 

therefore be necessary before the power plant cpn s t a r t  to operate, 

boiling temperature of NaK at atmospheric pressure is  820' C, NaK is  

non-corrosive against molybdenum, Since it  is  a metallic al lay ,  it can 

be pumped very coslveniently 

parts, 

and l ow neutron absorption cross section. 

#OK is l iqu id  from + 19OC on; no preheating will, 

The 

an electromragnetic pump without png moving 

NaK has a comparatively high heat. conductivity, high heat capacity, 

The heat power that can be removed from a uranium reactor by such 

a cooling system i s  of the order of 260 watts per cm3, 

r i b s  che size and 13858 of the reactor. 

close t o  a sphere as possible to ninimize the surface through which mu- 

trons can escape, dl808 it should be such that l i t t l e  shielding area as 

possible is required, 

Tlda figure deter- 

The reactor shape sliould be as 

Fig, 5 shows the proposed design, The reactor is 
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, I  

. . .  

surrounded by a cooling jacket: i n  addition t o  the cooling pipes i n  

i t s  interior.  

tubes. Their positions v i th in  the reactor  a m  servo-controlled. The 

pctwer level a t  which the reactor operates as well  a8 its temperature 

a re  determined only by the position of the control rods and by the 

amount of  heat power removed by the coolant. 

a fast neutron reactor i s  more d i f f i c u l t  than t ha t  of a slow neutron 

reactor, a fast reactor has been suggested i n  t h i s  study because i t  can 

be bui l t  l i gh te r  and smaller (i.e., with l e s s  shielding area) than a 

slow reactor. 

The control rods conriat  of boron encased in molybdenum 

Although the control of 

If the t o t a l  power t o  be delivered by the reactor i s  100 mega- 
3 watts, the required uranium volume i s  0.4 m . 

volum is increased t o  0.6 m . 
erat ing time of 2 years, a t o t a l  amount of about 76 kg of uranium, both 

U-235 and U-238 will  be bunicdg). 

w i l l  be of the order of l l O O o  C. 

erature of about 500' C and leaves i t  wi th  about 800' C. 

tains 600 cooling pipes, each w i t h  an inner  diameter of 1.8 cni and a 

To be conservative, this 
3 Its mass i s  about 12 tons. During an op- 

The temperature within the reactor 

The KaK enters  the reactor a t  a t e n p  

The reactor con- 

length of 1 I;;. 

actor  with a velocity of 2.7 m sec". 

About 300 kg of NaK per second w i l l  flow through the re- 

8) Xadiation Shield 

h reactor of the present tJ-pe, working on a power l eve l  of 100 

megawatts, produces about 7.5 x lo1* neutrons per second and about 1.5 x 10 19 

*) U-235 is s p l i t  preferably by slow neutrons; U-238 is s p U t  only by 
fas t  neutrons above 1 MeV energy. 



. gamut rays per second. Although the larger part of then is absorbed 

within the reactor itself, the  working nuclear reactor is an extremely 

strong radiadun suurce which mst be shielded fron the rest of the ship. 

Gama ray attenuation depends only on the t o t a l  nass per cn' inserted in 

the path of the rays, independent of the atonic mnber. Neutrons mist  

be slowed down at first by an element of l o w  atorlic number; subsequently, 

they can be absorbed by an element with large cross section for slow 

neutrons. In the present de-, a radiation shield of meta3lic beryl- 

lium is proposed- With a thickness of 180 cm, it absorbs enough of the 

gamsa rays. A t  the game the, it slams donn the fast neutrons so that they 

can be absorbed by a thin layer of boron. In addition to  radiation pro- 

tection by shielding, attenuation of the radiation density is  also o b  

talned by remvhg the reactor as far as practicable from the sensitive 

parts of the ship. 

square law of attenuation. NSO, with a larger distance between the re- 

actor and the rest of the ship, the necessary area of the radiation shield 

becomes rm#flcr. The total mass of a radiation shield as illustrated in 

pig. 5 is about So tons. It reduces the radiation intensities of a 100 

megawatt reactor at the place of the living quarters t o  about 10 fast 

neutroots per second per cm2, and about 100 gama raps per second per cm 

These d u e s  are p e d s s i b l e  accord- to UiX standards. 

Both the gama rays arui the neutrons obey the inverse 

2 

9 )  Heat r 

The RaK coolant becomes radioactive when it flows throu& the working 

reactor. A heat exchanger $8 themfore applied in which the N U  transfers 
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i t s  heat t o  a working f luid sui table  fo r  operation of a steam turbine. 

The working f luid wi l l  not become radisct ive since it is not exposed 

t o  the strong neutron radiation. There a re  3OOO tubee i n  the heat ex- 

changer with 8 t o t a l  length of 1800 m and an inner  diameter of 1.3 cm. 

The backflowing coolant i8 psrmged by an electromagnetic pump which works 

on the  principle of a d-c elactramotor, the NaK s h p l y  subst i tut ing the 

armature. 

about 100 kw of e l e c t r i c  power. 

To produce a flaw of 300 kg NaK per second, the pump consumes 

10) Worfdnpt Fluid and Turbine 

The working f l u i d  must have its boiling point i n  the proper temp- 

erature  range. 

atmapheres has been assumed at a temperature of 600 C. 

still be Uquid at a teqerature of the order of 10' C, beaause otherwise 

the power plant c a d  not be s ta r ted  i n  space without preheating equipment. 

Furthemre, the working f lu id  must be noncorrosive against  container walls 

and a l s o  against the i n t e r i o r  of the generator with which the vapor Will 

conmumicato. It is very desirable that the working f lu id  have lubrica- 

t i n g  proporties for  t h e  bearings of the turbine, the generator, and the 

feed pumps. The beat choice for  the working fluid will probably be one 

of the s i l icone O i l &  The steam dr ives  a low pressure, rrulci-stage tur- 

bine with a high expansion ratio. 

condenses i n  a disk-shaped condenser which d iss ipa tes  i t s  heat by radiation. 

After condensation, the working fluid is PUmpFd back t o  the heat exchanger 

In the prelsent propos~,  a vapor pressure of 8bout 20 

The f lu id  met 

After leaving the turbine, the steam 
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by completely sealed, motor-driven pumps, Assuming a working f luid 

with a specific heat of about 0.4 cal per g per deg C, a heat of va- 

porieation of 100 c a l  per g, a density of 1 g per cm3, aid a condenser 

temperature of 280' C1 a b u t  100 kg per sec nust flaw through the tur- 

bine. The 

t o t a l  amount of working fluid Within heat exchanger, pipes, turbine, 

condenser, and pumps will be about 8 tons, 

The feed pumps w i l l  consume a t o t a l  power of about 200 kw. 

U) andenser 

The temperature of the steam should be as high as possible t o  make 

the thennodynanric efficiency high, 

which is equal t o  the condenser temperature, should be as low as possible 

f o r  the same reason. 

condenser and therefore a large totdl  laass for  the power plant, 

been shm i n  the above cited report that  €or each steam temperatwe 

there exists an optimunr condenser temperature which makes the to ta l  mass 

The outlet temperature of the turbine, 

However, a low condenser temperature mans a large 

It has 

of the po#er plant a mi-. In the present study, the condenser temp- 

erature is assumed t o  be 280%. The steam pressure! a t  this temperature 

should be not larger thaa a b u t  0.1 atmospheres so that  the condenser walls 

can be thin. 

sun*s radiation does not hit the cooling areas of the condenser. 

this condition, both sides of the disk emit heat without absorbin; solar 

radiation. 

The orientatio.1 of the ship i n  space is always such that the 

i'ader 

The diameter of the condenser wu3 then be about 100 :I. It 

is constructed of titanium which has the highest stress-to-nass ra&io 

known. 

near the center and 1 cm near the rim, 

W a l l  thickness is 0.5 mn, and thickness of the disk about 3 C i l  

The whole disk is subdivid::3 into 



a number of sectors, each of which has an i n l e t  valve and an out le t  

valve. 

valves of the damaged sector close automatically.' The hole can then be 

welded even though the powerplant continues t o  operate. 

vulnerable p a r t s  of the space ship wi l l  be protected by a r'meteor bumper:' 

i.e., a th in  sheet of m e t d l  a few cm above the surface of the parts. Such 

a device i s  very e f f i c i en t  in dissipat ing the  kinet ic  energy of small me- 

teors.  If a larger  meteor should a f f l i c t  a severe damage t o  some par t  

of the ship, the crew would have t o  abandon t ha t  ship and board one of 

the other ships i n  the f lee t .  

occur with an almost negligible probabili ty only. 

I n  case a meteor should p c h  through the condenser all, the 

All  the other 

It i s  estimated tha t  such an accident Wil l  

12)  Generator 

The generator housing forms an i n t eg ra l  un i t  w i t h  the turbine housing 

and the rest of the steam system without any moving parts reaching the 

outside. 

a three-phase, a-c generator i s  chosen. Since the load for the generator 

i s  pract ical ly  constant, and since the voltage need not be very constant, 

To keep the generator as simple, l i gh t ,  and r e l i ab le  as possible, 

permanent magnets are applied t o  produce the generator f ie ld .  

iary d-c generator with conamtator and s l i p  rings for f i e l d  exci ta t ion 

An auxil- 

3.8 then unnecessary. Rectification of the a-c current i s  achieved by 

sealed mercury rec t i f ie rs .  

o i l  cooler, I f  the generator efficiency i s  94$, and i f  a t o t a l  e l ec t r i c  

The generator will be cooled by a disk-shaped 

output of 20,000 kw is assumed, the cooler must diss ipate  by radiat ion an 

amount of 1,250 kw. For a cooler temperature of 150' C, the diameter of 



I :  

. 
I 
i 
i 

the disk must be a h t  u) m. 

on the basis of figures for oil-cooled aircraft generators. Assulldng 

2.2 kg per kw for the generator with turbine and rectifiers,  the tom3 

mass of the  20,OOO kw plant will I>e 44 tom.'. The cooler with coolant 

w i l l  have a mas8 of about 4 tons. 

The ma88 of the generator can be estimated 

The theoretical efficiency of the turbine alone, with an inlet temp 

erature of WOO c ani an outlet t e m p e r a m  of 280O C, w o ~ l d  be 3%. 

this study, a real overall efficiency of turbine, generator, and recti- 

fiers of % & been ads~med. 

~n 

13) Powernlaa tAas&Q 

Reactor, shield, heat exchanger, turbine, generator, condenser, oil 

cooler, and the l iv ing  quarters for the crew w i l l  be arranged in aria13 

sq?;rmetry as shown in fig. 6. As soon as the turbine w i t h  the generator 

begins to turn, the rest o€ the ship begins to rotate ia the opposite&- 

rection, 

will persist as long as turbine and generator turtl, irrespective of any 

frictimal or electromagnetic forces between the ship and the rotor of 

the turbo-generator. 

by the turbine speed and the ra t io  of the nnrments of inertia, i s  about 3 

revolutions per xi~inute. 

velocity t o  sone extent by selecting the speed and moment of iner t ia  of 

the turbo-gener;rtOr. 

eration of the condenser. 

t o  separate from the s t e m  and t o  accumulate at  the outer edge of the disk, 

According t o  the l a w  of reaction, this rotation of the ship 

The angular velocity of the ship, which is determined 

The designer of the ship can choose t h i s  angular 

The rota;;ion of the ship is imperative for the op- 

The centrifugal force causes the condensate 
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from where it can be puniped back t o  the heat exchanger. 

must be located a t  the outer edge of the disk. The centr i fugal  force 

w i l l  also be welcomed by the crew members i n  the l iving quarters as a 

The feed pumps 

substi tute fo r  gravity. , '  , 

As sham i n  Fig. 6, the condenser w i l l  have the shape of an annulus 

outside the toroidal  l i v ing  quarters. The generator cooler i s  m u t e d  in 

the same plane as the condenser, but inside the l iv ing  quarters. 

two cylindrical  w a l l s  of the l iv ing  quarters w i l l  have ref lect ing surfaces 

t o  reduce the  inf lux of radiating heat from the cooler and condenser SUP 

The 

faces. 

sc ien t i f ic  instruments, food, oxygen, and crew members, i s  assumed t o  be 

The t o t a l  OBSS of the l iv ing  quarters with a l l  equipment, including 

50 tons . 
14) Ionleation Chambers and Thrust Chambers 

The ionization of the propellant is a major problem of an e l e c t r i c  

propulsion system, 

tha t  works with high efficiency. 

simple as possible, and it must be capable of working fo r  years without 

cleaning or other maintenance. 

The propellant atoms must i o n h e  eas i ly  w i t h  a method 

The ionization procedure must be as 

The one method of ionization which meets a l l  of these requirements 

almost perfectly is the 

surfaceso 

i t s  outermost electron t o  the metal and bounces off as an ion. The ef- 

ficiency of t h i s  ionization, i.e., the probability of an atom t o  become 

an ion upon impact with the platinum surface, i s  almost 100 percent. 

ionization of alkaline atoms a t  incandescent 

I f  an alkaline atom s t r ikes  a hot platinum surface, it looses 

The 



. 

vapor pressure of .the propellant within the ionization chamber must be 

so law rad the t o t a l  platinum area so large that every atom has the 

churoc to strike the hot d a c e  at least once on its wg through the 

chaaber, The accelerathg field for the ions is iumediately adjacent 

to the ionization chamber, fig, 7 shows a cross section though ion 

ch&rr, thrust chambers, and electron-emitting chambers. A more de- 

tailed description of the ionization and thrust chambers has been given 

. in the abuvc-cited report. Current density, thrust chamber dimensions, 

and accelerating voltage cannot be chosen at will. The largest current 

which can fl? thrci'& a chamber of given cross section and length under 

a given voltage is determined by Schottky-Langnsnir*s space charge law. 

The same law governs also the conditions under which a jet of charged 

particles can leave a t h n l s t  chamber and f l y  out into space, In partic- 

ular, it states that a continusus stream of ions can Icave a chmber only 

if the charges of the particles are neutralked at a short; distance be- 

I ~ i n d  the exit orifice of the chamber, 
, 

If this distance i3 x, the acceler 
I 

* at- voltage U, and the mass and charge of the ions cr and e, then the 

d r a m  current densitp 

given by the equation 

which can be maintained thrmgh tke chanber i s  I 

1 
The neutralization of the ions can be achieved by emitting electrons froin 

electron chambers which are closely interlaced with the ioil claambers. 

and electrons w i l l  then recombine at a distancc of 1 or 2 CKI behind the 

I 
Ions 



exit orifices.  Ions and electrons -muat be expelled a t  equal. rates any- 

way i n  order t o  keep the ship e l ec t r i ca l ly  neutral. The contribution of 

the electrons t o  the t o t a l  th rus t  i s  negligibly small due t o  t h e i r  small 

mass. Their accelerating voltage will be chosen ju s t  large enough t o  

produce the desired electron current; a b u t  100 volts w i l l  be enough. 

The main part  of the electric current will flow from the ion 
t 

chambers through the generator t o  the electron chambers. 

i l i a r y  parer sources, as shown i n  Fig. 4, are  needed t o  maintain the cor- 

r ec t  potential  differences between the rear electrodes and the  ion and 

Two small oux- a 

electron chambers. Their currents are determined only by the re la t ive ly  

few electrons and ions which h i t  the r ea r  electrode, 

chosen so t ha t  the effect ive accelerating voltage, Le., the potent ia l  

differences actual ly  passed. by the ions in the i on  thrust  charubers and by 

the electrons i n  the electron chambers, assume the desired values. These 

effect ive potential  differences are  smaller than the voltages between the 

chambers and the rear electrodes. 

power aource i s  given by the ion current and the effect ive potential  dif-  

ferences passed by ions and electrons. 

Their voltages are 

The power t o  be delivered by the main 
. 

On the basis of data  derived i n  the above cited report, the t o t a l  mass 

of an assembly of e lec t r i c  th rus t  chambers as underlying t h e  preaent study 

w i l l  be of the order OC 45 tons, About 1,200 kif of e lec t r i c  power i s  re- 

quired t o  heat the platinum surfaces inside the ionization chambers, 

ren t  density through the r ea r  or i f ices  will be about 0.8 mA c ~ I - ~ .  

the assumption tha t  recombination of the electrons and ions takes place 

Cur- 

Under 
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a t  a mean distance of 1.3 cm behind the rear electrode, the xuidmm 

d r i d n g  voltage vhieh allawr a current density of 0.6 nul cr'2 w i t h  

ad.UU & O M  28 faud fropl (a) t0 b0 3,900 Volt80 Tha r01- 

actually applied fo r  ioa acceleration aaust be not saaller than t h i s  

Thrust chaabrs, ion chbers, and propellant storage tank are! 

c o d d a d  in one structural d t  (Fig. 6).  The t h s t  chambers must 

always point into a direction apposite t o  the foreward direction of 

the ship, Since the radiadon coolers of the ship must always have a 

definite orientation w i t h  respect to the sun, the thrust chamber uni t  

must be able t o  asmum any dfrsction hiependent of the orientation of 

the ship. To meet this requirelaent, it  is suff ic ient  t o  give the thrust 

chamber uni t  one rotational degree of freedom, Le., rotat ion around the 

longitudinal a x i s  of the ship, as indicated in Fig. 6. A small electric 

motor is required to caslpensate for f r i c t i o n a l  forces between the  rota- 

t i n g  ship urd the thrpst unit; the latter points always into a direction 

tangential to the trajectory. 

The vector of the thrust force mst point through the center of the 

ship*s gravity, because otherwise a torque w o u l d  be exercised on the ship 

in addition t o  the force of propulsion. This condition mst be fu l f i l l ed  

when a payload is attached t o  the ship, for exanple, a limiting c ra f t  fo r  

liars, and it mst still be met  a f t e r  tlds payload has been unloaded. For 



this reason, the expendable payload will be mounted t o  the thrus t  

chamber u n i t  i n  such a way t h a t  the payloadts center of gravity coin- 

cides with the center of gravity of the ship i tsel f .  

A change of the orientation of the ahip i n  space w i l l  be effected 

by two f l y  wheels mounted on the thrus t  chamber unit. If one of the f l y  

wheels turns i n  one direction, the axis of the ship wiU turn in the op- 

posite direction. Since these movements need not be fast, the masses of 

the f l y  wheels and the e l e c t r i c  motors f o r  t h e i r  operation can be small. 

No gyroscopic e f fec ts  will be noticed when the orbentation of the ship is 

changed by means of the fly wheels because the angular momenta of the 

turbo-generator and of the ship a re  equal and opposite. 

bearings of the turbo-generator w i l l  experience l a t e r a l  forces during a 

However, the 

change of the shipts orientation. 

The s h i p  w i l l  carry a s d l  auxiliary power source for  the  t i m e  when 

the reactor i s  not i n  operation, par t icular ly  before take-off and during 

the time when the ship coasts on an unpowered o rb i t  around Mars. Power 

f o r  the l iv ing  quarters, for  instrunents, and for the a t t i tude  control 

system w i l l  be needed during this time. Also, the coolant pumps and feed 

pumps must be operated, at  l e a s t  on a low power level,  before the nuclear 

power system can be started.  A t o t a l  of about 50 kw may be required f o r  

these purposes. 

s i s t i ng  of a large number of s i l i con  diodes. 

This power will be furnished by a solar  generator, con- 

Electr ic  power i s  developed 

by such a generator d i r ec t ly  from absorved solar radiation. 

storage ba t te r ies  w i l l  provide power during the periods when solar radi- 

a t ion i s  absent. 

A s e t  of 

The generator is mounted i n  a plane ve r t i ca l  t o  the plane 



of the cdextser( thh ship w i l l  not be in rotation when the rohr gen- 

errtor mat operate. For .p electric paww outpat of 50 hr, the 8- 

generator 

2 tam. 

t 

hais lm mea ef abmt 400 2. It# pu will be 8 h t  

16) l o f e n t a  o n t s l l r  

A &t of the major comptent8 of the proguxlsion system as described 

in the pserims paragrapha i s  given i n  Table II. 

ioa8 coPlponents are b e d  011 a t o t a l  reactor heat power of 100 mzgavatts. 

The h i e s  of the var- 

TABLE 11 

colammmt m88es of Pcrwrbrplaa t for 20 Wemuatt E l e c t r i  c Pawu. Odm t 

Urulipn! 
Radiation Shield 
Heat E d i a q e w  
coslant PmEp 
coolont (Nag) 
Working Elaid 
Pumps for Working Fluid 
Condensor 
Turbo=electric Generators 

Cooler for Generator 

Thrus t  Chambers 
s p r y  Solar Generator 

8 Rectifiers 

wlthP\uqp&CooLant 

12 
30 
1.5 
0.2 
0.5 
8 
1.8 
40 

44 

tons 

n 

n 
n 

n 

u 

W 

W 

n 

4 11 

45 W 

2 W 

Total. 189.0 n 

With an efficiency of the turb-electric generator and rectifiers of Wfl, 

a total electric power of 20,OOO kw w i l l  be available. Out of t h i s  power, 

about 1,200 lcw are needed to heat the p l a t i m  surfaces i n  the ion chambers. 

About 400 kw w i l l  be contained in the electron j e t  which does not contribute 

noticeably to the tbrust. Another 400 krr is supposed t o  be required for 



coolant pumps and feed pumps, and f o r  auxiliary cuuipment such as f l y  

wheels , f r i c  ti on-c ompens at5 ng motor s , air puri f i ca t i  on plant, heat iiig 

and refr igerat ing uni t s  for the l i v ing  quarters, instruments, and fa- 

c i l i t i e s  f o r  the crew. 

the jet ,  With a t o t a l  power plant mass of 189 tons (Table 11), the 

specif ic  power of the powerplant w i l l  therefore be 0.095 kw per kg o r  9.5 

T l l i s  leaves a t o t a l  of 18,000 kw available fo r  

17) Desfm Data of Representative Swce Ship 

Column 1 i n  Table I11 contains the data  which underly, as primary 

assumptions, the design of a representative space ship. 

the design and performance data  i n  Column 2 were calculated with the 

equations of Part  I. 

niques a space $hip f o r  a t r i p  t o  Mars and back, carrying a t o t a l  payload 

of 150 tons, could be b u i l t  with a t o t a l  take-off mass of not more than 

730 tons. 

On t h e i r  basis, 

These figures sliow tha t  wi th  presently known tech- 

TABLE I11 

Design and Performance Data of Representative 
Swce Ship 

column 1 
Basic Assumptions 

Total t rave l  time 
Payload 
~ o n i c  mass (Cesium) 
Specific power 
fnitiel acceleration 

6.3 x lo' sec 
1,s x 108 g 

2,2 x 10-22g 
0.5 x 10' erg/sec g 

6,7 x cm/sec2 

2 years 
150 tons 

0.095 kwhg 
6,7 10-5 c 



Total inlW p l s ~  

Propellant p;Isss 

Power plant crass 
Total power production 
Total electric power 

Power cantained in jet 
D r i v i n g  voltage 
Total ion current 
D i f m e t e r  of condenser 
Total length 
-*tY 
Thrust 

730 toas 

365 If 

SI.’. t‘ 
114.5 megawatt 

01 

22.9 

20.6 

U.5 mctera 
85 n 

8 4 h p e r S e C  
49.5 kg 
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F I G U R E S  

Fig. 1 

Fig. 2 

11.3s~ r a t i o  NJ.IL as a function o f  initial accelerat ion ai. 

Ratio of j e t  power L t o  payload NL as a function of in i t ia l  ac- 
ce le ra t ion  ai. 

Optirmn voltage f o r  i o n  accelerat ion as a function of initial 
acceleration of space ship ai. 

Block diagram of powcr plant  and ion th rus t  ctiambers, 

Fig. 3 

Fig. 4 

iXg. 5 a) Cross section through nuclear reactor  

b) 

Cross  sect ion through space ship. 

Cross sect ion through ionizat ion ctianibers and t h r u s t  chanklers . 

Cross section through reactor ,  ra.Iiation shield,  and heat 
exchanger . 

Fig.  6 

Fig. 'i 

R : ?!uclcar reactor  

S : Radiation shield 

E : Electron thrust 

?, : Living quarters  
citad)er 

mn ,'I : Tl11-ust unit HE : Heat exchanger 

T : Tu.rbine 

G : %merator 
Cs : Propellant stor- 

age tank (Cesium) 

'% : Coudenser 

C2 : Cooler f o r  geqerator 

r1 : Main r e z t i f i c r  

r 2  : Auxiliary r e c t i f i e r s  
n n 

'3 : 
I : Ion thrust ciimtber 
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